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TECHNICAL MEMORANDUM 

1 . 0  INTRODUCTION 

A g r e a t  deal of t e c h n i c a l  work has been performed 
on t h e  development and a p p l i c a t i o n  of  Lunar F l y i n g  U n i t s .  
da te ,  s t u d i e s  and exper iments  have shown tha t  these  d e v i c e s  
w i l l  f l y ,  t h a t  e x p l o r a t i o n  d i s t a n c e s  are  ex tended  ove r  t h o s e  
of walk ing  m i s s i o n s ,  and t h a t  these d e v i c e s  are f a s t .  
t i o n  o f  t r a j e c t o r i e s  w i t h  r e s p e c t  t o  f u e l  consumption and a t t i -  
t u d e  c o n t r o l  t e c h n i q u e s  have been s t u d i e d  and a r e  s t i l l  b e i n g  
s t u d i e d .  
been e s s e n t i a l l y  i g n o r e d .  
minimized by a s t r a i g h t f o r w a r d  p r o c e s s  i f  f l i g h t  end p o i n t s  
and g r a v i t y  are  t h e  on ly  r equ i r emen t s  t o  s a t i s f y .  
matter t o  minimize f u e l  when r equ i r emen t s  o f  end p o i n t s ,  g r a v i t y ,  
a s t r o n a u t  c a p a b i l i t i e s ,  v e h i c l e  complexi ty ,  and l i g h t i n g  condi-  
t i o n s  must a l l  be  s a t i s f i ed .  
t i c  s i t u a t i o n  which must be cons ide red  f o r  d e c i s i o n  making pur-  
p o s e s ,  
n o t  l e n d  i t s e l f  t o  a closed-form a n a l y s i s ,  
t i o n s  can  be  made and methods f o r  d e v e l o p i n g  a b e t t e r  m i s s i o n  
can  be o u t l i n e d .  

To 

Optimiza- 

However, many man-machine-mission r e l a t i o n s h i p s  have 
C e r t a i n l y  f u e l  consumption can be 

It i s  a n o t h e r  

U n f o r t u n a t e l y ,  t h i s  i s  t h e  r e a l i s -  

Although o p t i m i z a t i o n  o f  an  o v e r a l l  m i s s i o n  u s u a l l y  does  
some r e l a t e d  observa-  

The pr imary o b j e c t i v e  of t h i s  memorandum i s  t o  p r e s e n t  

The approach employed here  i s  t o  p r e s e n t  each  
and d i s c u s s  some impor t an t  i n t e r f a c e  problems and t h e i r  e f f e c t s  
on LFU o p e r a t i o n .  
problem area s e p a r a t e l y  and i n  a q u a n t i t a t i v e  manner, when p o s s i -  
b l e .  These a r e  t h e n  inc luded  i n  a d e t a i l e d  i n v e s t i g a t i o n  of a 
sample e x p l o r a t i o n  mis s ion  t o  Hyginus R i l l e  and Crater .  
of s o l v i n g  these problems ar'e o f f e r e d  i n  some c a s e s .  S p e c i f i c  
s u b j e c t s  c o n s i d e r e d  a r e  l u n a r  l i g h t i n g  and v i s i b i l i t y ,  t r a j e c -  
t o r y  p r o f i l e ,  l i n e - o f - s i g h t  r equ i r emen t s ,  and l u n a r  s u r f a c e  
i n t e r a c t i o n  h a z a r d s .  F i n a l l y ,  recommendations are made con- 
c e r n i n g  s i m u l a t i o n  programs and f u t u r e  s t u d y  areas.  

Methods 
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The LFU is assumed to have the following properties: 

Empty weight - - 180 lbs 

370 lbs - Astronaut with PLSS - 

Loadable propellant - - 300 lbs 

370 lbs - Pay1 oad capability - 
It is further assumed that no complex navigational or control 
equipment is used. Limiting factors on the number of sorties 
include mission objectives and EVA constraints. 

2.0 MISSION RELATED PROBLEM AREAS 

2.1 Lighting and Visibility 

Lighting and visibility conditions have previously 
been considered in relation to LM landing maneuvers. 1,2 
ever, the existence of such problems during exploration sorties 
was not investigated. An astronaut moving about the lunar sur- 
face is subject to washout and glare situations, as well as 
variations in contrast. Ignoring such difficulties may be costly 
in terms of propellant and time. Hazards in excess of those al- 
ready present may be avoided by understanding and anticipating 
such situations. Of primary importance is an investigation of 
the LFU pilot visibility limitations. It would be quite desir- 
able to eliminate situations in which LFU touchdown points and 
navigational landmarks are in washout or high glare areas. 
Furthermore, to make identification practical, sufficient con- 
trast is required. Although these conditions can be improved by 
a dog-leg maneuver in the case of LM touchdown, this is not 
generally possible or desirable in an LFU sortie because of the 
peculiarities of selected exploration sites. 

How- 

Determination of washout and glare situations can be 
formulated in a general manner by using vector notation. Figure 1 
illustrates the nomenclature used for position vectors and 
angles. Since LFU traverses are small compared to the lunar 
radius, gravity variations and curvature effects are ignored. 
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L ines  of s o l a r  r a y s  are  cons ide red  p a r a l l e l  under  t h e s e  con- 
d i t i o n s ,  LM and LFU l a n d i n g  zones a r s  assuged  t o  b e  l e v e l .  
For  prep lanned  s o r t i e s  a l l  v a l u e s  of R and Ri a re  known f o r  
known t r g e c t o r y  p r o f i l e s .  Also, t h e  sun  l o c a t i o n  w i l l  b e  
known. Ri i s  t h e  p o s i t i o n  v e c t o r  of t h e  i t h  LFU s o r t i e  touch-  
down p o i n t ,  T i .  
e x p e r i e n c e  washout a t  t h e  LM s i t e  when r e t u r n i n g  from a s o r t i e  
i s  

The c o n d i t i o n  which c a u s e s  an  LFU p i l o t  t o  

where cW i s  a s m a l l  a n g l e  i n  which washout i s  e f f e c t i v e .  - 
S i n c e  cosa = 1 - ( a L / 2 ! )  t ..., t h i s  c o n d i t i o n  i s  a l s o  

c 
W (Washout a t  LM s i t e )  

E A A  

> 1 - -  
2 

R * s  - -  - 
IZl 

For  t h e  Ti s i t e ,  t h i s  c o n d i t i o n  becomes aiLEW, o r  
2 

2 

A A  A 

W (Ri -R)  * s E 
> 1 - - (Washout a t  T i )  - I ei-gl 

The co r re spond ing  c o n d i t i o n s  f o r  g l a r e  are  and a . < ~  o r  1- G' - - 

and 

where i s  a small a n g l e  i n  which g l a r e  i s  i n t o l e r a b l e ,  Values  
of 
a n g l e ,  and azimuth a n g l e ,  Values  of E~ depend upon p r o p e r t i e s  of 
t h e  human e y e ,  l u n a r  s u r f a c e ,  a s t r o n a u t  f a c e - p l a t e ,  and t h e  above 
mentioned a n g l e s ,  

v a r y  from about  2' t o  10' and depend upon v iewing  a n g l e ,  sun 
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Once washout and g l a r e  zones have been d e f i n e d  
and t r a j e c t o r i e s  a s s i g n e d  t o  avoid  them, i t  s t i l l  remains 
t o  be de te rmined  whether c o n t r a s t  l e v e l s ,  as s e e n  b y  t h e  
LFU p i l o t ,  w i l l  b e  s u f f i c i e n t .  C o n t r a s t  i s  d e f i n e d  as 

where T i s  t h e  a n g l e  between t h e  d i r e c t i o n  of v iewing  and 
t h e  s u r f a c e  normal p r o j e c t e d  on t h e  phase p l a n e  and (b i s  
t h e  pho tomet r i c  f u n c t i o n .  
0.025 as b e i n g  an  a c c e p t a b l e  va lue  of  t h i s  q u a n t i t y .  F i g u r e  2 
shows t h e  r e g i o n  co r re spond ing  t o  v a l u e s  o f  a and T for which 
C>.O25 f o r  t h e  l u n a r  s u r f a c e .  I n  o r d e r  t o  i n s u r e  s u f f i c i e n t  
r e l a t i v e  c o n t r a s t  a l o n g  LFU t r a j e c t o r i e s ,  v a l u e s  of  a and T 
must be computed a l o n g  these p a t h s  and each  p o i n t  a ( ~ )  checked 
on F i g u r e  2. These v a l u e s  a r e  c a l c u l a b l e  from t h e  g e n e r a l  
v e c t o r  r e l a t i o n s  developed below. 

Harnza’ s e l e c t s  a lower l i m i t  of  

Phase a n g l e s ,  a and a a r e  e a s i l y  o b t a i n a b l e  from i’ 
-L 

$ * s  

Ikl 
c o s a  = - - 

- L A  3 

( R , - R )  s 

Angles T and T i  a re  d e f i n e d  i n  F i g u r e  3 and a r e  somewhat more 
d i f f i c u l t  t o  c a l c u l a t e .  F i r s t ,  phase  p l a n e  u n i t  normal v e c t o r s  
a r e  d e f i n e d  f o r  each  c a s e  

& A *  
A A  -sx(Ri-R) 

A 
and pi = -L sxR 

P =  
lril s i n a  lEi-El s i n a  i 

The l i n e s  of i n t e r s e c t i o n  bgtwegn r e f l e c t i n g  and phase  p l a n e s  
a re  d e f i n e d  by  t h e  v e c t o r s  n x p and x ci, where ?? i s  a u n i t  



BELLCOMM, INC. - 5 -  

vector normal to the geflgctingslane. 
is the angle between n x p and R, giving the magnitude of this 
angle by 

Now the complement of T 

and similarly, 

Another expression of I T /  is obtained by noting that the projec- 
%io2 gf the local vertical onto the phase plane is defined by 
px(nxp). 
cross product gives 

Applying a familiar vector identity for the triple 

Now / T I  is given by 

A similar consideration for Ti gives 

After a magnitude for T or Ti has been calculated the sign of 
this quantity must be determined. The value of T is positive 
only if 

where 
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T h i s  c o n d i t i o q  co r re sponds  t o  t h e  s i t u a q i o n  i n  which t h e  
x iewing  l i n e  R i s  between the  sun  l i n e  s and p r o j e c t i o n  of 
n o n t o  t h e  phase  p l a n e ,  If t h i s  c o n d i t i o n  i s  n o t  s a t i s f i e d ,  
t h e n  T < O .  Fo r  t h i s  work (.r(<90° and O < a < 1 8 0 ° .  - -  S i m i l a r  con- 
s i d e r a t i o n s  g i v e  t h e  necessa ry  c o n d i t i o n  

where 

f o r  p o s i t i v e  T i .  

t r a j e c t o r i e s  f a l l  above t h e  curve of F i g u r e  2 ,  c o n t r a s t  a t  
t a rge t  s i t e s  r e l a t i v e  t o  the  p i l o t  w i l l  be  c o n t i n u o u s l y  

I f  a l l  p o i n t s  ( C L , T )  and ( a i , T i )  f o r  LFU 

- ---ntehl p aLLGpuuuAL. 

Some f u r t h e r  o b s e r v a t i o n s  on p i l o t  v i s i b i l i t y  are  
now i n  o r d e r .  LM v i s i b i l i t y  from a r e t u r n i n g  LFU has n o t  been  
c o n s i d e r e d  as a s e p a r a t e  a r e a  of i n v e s t i g a t i o n .  However, photo- 
m e t r i c  p r o p e r t i e s  of man-made s p a c e c r a f t  w i l l  s u r e l y  d i f f e r  from 
t h o s e  of t h e  l u n a r  s u r f a c e .  There may n o t  be a c o n t r a s t  problem 
between t h e  LM and i t s  background, N e v e r t h e l e s s ,  t h i s  s i t u a t i o n  
shou ld  be a n t i c i p a t e d ,  I f  mul t i - s top  s o r t i e s  are p lanned ,  wash- 
o u t ,  g l a r e ,  and c o n t r a s t  c a l c u l a t i o n s  should  be made f o r  t r a j e c -  
t o r i e s  from one s t o p  t o  t h e  next  as w e l l  as f o r  f l i g h t s  from LM 
and return-to-LM. S i m i l a r  d e r i v a t i o n s  t o  t h o s e  p r e s e n t e d  above 
w i l l  g i v e  t h e  a p p r o p r i a t e  f o r m u l i .  

Landmarks must a l s o  b e  o b s e r v a b l e  by t h e  p i l o t  f o r  
n a v i g a t i o n a l  and guidance  pu rposes .  
e x p l o r a t i o n  area i s  a v a i l a b l e  p r i o r  t o  t h e  m i s s i o n ,  landmarks 
w i l l  have been  p r e - s e l e c t e d  and t h e i r  v i s i b i l i t y  c h a r a c t e r i s t i c s ,  
r e l a t i v e  t o  LFU s o r t i e s ,  computed. T a r g e t  l a n d i n g  s i t e s  may b e  
i n  shadow a t  e x p l o r a t i o n  t ime.  T h i s  s i t u a t i o n  must be  a n t i c i -  
p a t e d  and i s  e a s i l y  checked by u s e  of c o n t o u r  c h a r t s  and a 
knowledge of t h e  sun  a n g l e ,  Unless  a r t i f i c i a l  l i g h t  o r  r e f l e c t e d  
s u n l i g h t  i s  a v a i l a b l e ,  shadowed areas cannot  be v i s i t e d  f o r  obvious  
r e a s o n s .  

If  photography of t h e  
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2.2 Trajectory Profile and Sortie Sequence 

Lunar Flying Unit trajectory configurations are of 
An critical importance to efficient exploration techniques. 

ideal flight between two given points would: 

1. 

2. consume a small amount of time, 

3. provide sufficient opportunity for the pilot to 

4. 

require a minimum of propellants, 

make navigational and scientific observations, 

have trajectory characteristics which permit the 
pilot to control and maneuver the vehicle without 
the aid of automatic equipment, 

provide good approach-to-target site characteristics, 

- i n s i i r e  - - - . . - s i i f f i c l e n t  lighting and contrast along trajec- 
tory with respect to observation points. 

The optimum trajectory for minimum propellant consumption is 
ballistic. To get a theoretical lower limit on propellant 
requirements a flight from point A to point B under uniform 
gravity conditions is briefly considered. Figure 4 illustrates 
this situation. Given the positions of end points A and B, the 
launch (or take-off) angle y and minimum initial velocity to 
reach B are 

5.  

6 :  

and the landing angle and final velocity at B are 

Y '  

vB 

where 

g = tan-' ( g ) .  
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These r e l a t i o n s h i p s  y i e l d  v e l o c i t i e s  co r re spond ing  t o  minimum 
p r o p e l l a n t  consumption f o r  a b a l l i s t i c  f l i g h t .  However, t h e s e  
c o n s i d e r a t i o n s  are only of academic i n t e r e s t  t o  l u n a r  a s t r o n a u t s .  
I n i t i a l  and f i n a l  a c c e l e r a t i o n s  are  l a r g e ,  v e l o c i t y  and a l t i t u d e  
v a l u e s  are h igh ,  and eng ines  remain o f f  d u r i n g  most o f  t he  f l i g h t .  
T h i s  l a s t  c h a r a c t e r i s t i c  may b e  u n a c c e p t a b l e .  

Each s o r t i e  i s  t ime- l imi t ed .  I n  o r d e r  t o  maximize 
e x p l o r a t i o n  t i m e  a t  each  s i t e ,  f a s t  LFU f l i g h t s  a re  r e q u i r e d .  
However, t h e  p i l o t  must be t r a v e l i n g  a t  a speed which a l l o w s  
him t o  obse rve  l u r a i n  and make a p p r o p r i a t e  d e c i s i o n s .  A speed 
and a l t i t u d e  p r o f i l e  should  be c o n s i d e r e d  on t h e  basis of p i l o t  
per formance  r equ i r emen t s .  Fur thermore ,  p i l o t  c o n t r o l  f u n c t i o n s  
can  be reduced  by employing t r a j e c t o r i e s  i n  which l a n d i n g  s i t e  
accu racy  i s  not  s e n s i t i v e  t o  i n i t i a l  f l i g h t  v e l o c i t y  components, 
e . g . ,  f l a t - t o p  p r o f i l e s .  It  i s  a l s o  des i r ab le  t o  avo id  s i t u a -  
t i o n s  which r e q u i r e  l a r g e  changes i n  t h r u s t  l e v e l  i n  o r d e r  t o  
m a i n t a i n  h i g h  eng ine  e f f i c i e n c y .  Each t r a j e c t o r y  shou ld  be  o r i -  
e n t e d  such  t h a t  t h e  f i n a l  approach t o  a s i t e  w i l l  p r o v i d e  v i s i -  
b i l i t y  and s u f f i c i e n t  c o n t r a s t  o f  t h e  area.  

Much of t h e  l u n a r  s u r f a c e  seems t o  b e  covered  w i t h  a t  
l ea s t  a t h i n  l a y e r  of f i n e  g r a i n  material .  Rocket exhaus t  w i l l  
p robab ly  cause  f i n e  g r a i n  m a t e r i a l  t o  l ift o f f  t h e  s u r f a c e  j u s t  
as t h e  LFU l a n d s  and takes  o f f .  P o s s i b i l i t i e s  of r e d u c i n g  t h i s  
d i s t u r b a n c e  through t r a j e c t o r y  m o d i f i c a t i o n s  seem v e r y  l i m i t e d .  
One s o l u t i o n  might b e  t h e  a d a p t a t i o n  of au tomat i c  s h u t - o f f  
d e v i c e s  which a r e  a c t i v a t e d  by  r o d s  e x t e n d i n g  below t h e  v e h i c l e .  
I n  a d d i t i o n  t o  o b s c u r i n g  s i t e  v i s i b i l i t y ,  t h i s  f i n e  m a t e r i a l  may 
b e  blown i n t o  t h e  r o c k e t  nozz le  a f t e r  shut-down as p a r t i c l e s  a r e  
c a r r i e d  by c a p t u r e d  g a s e s  which a re  released from t h e  s u r f a c e  
d i r e c t l y  below t h e  e n g i n e s .  A d d i t i o n a l  d i s c u s s i o n  of  t h i s  prob- 
l e m  i s  p r e s e n t e d  i n  s e c t i o n  2 . 4 .  

Many t r a j e c t o r y  p r o f i l e s  have been cons ide red  f o r  v a r i o u s  
r e a s o n s .  Powers3 a n a l y z e s  b a l l i s t i c ,  s e m i - b a l l i s t i c ,  and f l a t  
t r a j e c t o r i e s .  A s e m i - b a l l i s t i c  f l i g h t  i s  one i n  which f i n i t e  
t h r u s t  i n t e r v a l s  a re  used .  During t h e  p a r a b o l i c  phase eng ines  
t h r u s t  downward a t  a low l e v e l ,  r e s u l t i n g  i n  a n  e f f e c t i v e  reduc-  
t i o n  of  t h e  already low l u n a r  g r a v i t y .  An even less  optimum u s e  
o f  p r o p e l l a n t s  occur s  w i t h  f l a t  t r a j e c t o r i e s .  Here a c o n s t a n t  
a l t i t u d e  i s  ma in ta ined  between end p o i n t s .  S ince  the  proposed 
LFU d e s i g n s  are  of minimum weight, t h e i r  complexi ty  must a l s o  be 
held t o  a minimum. The p i l o t  w i l l  be  r e q u i r e d  t o  s i m u l t a n e o u s l y  
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perform throttling, attitude, and directional control functions 
while navigating and observing landmarks, Therefore, trajectory 
profiles must be simple and non-optimum from a fuel-economy 
point of view. Semi-flat type trajectories appear to be a more 
logical choice after considering the capabilities of the pilot, 
Pen 
fli 
the 

. zo4  has studied this type of trajectory in detail, A typical 
ght begins with a short vertical rise. The pilot then pitches 
vehicle forward. Thrust level and attitude are held until a 

desirable horizontal velocity has been reached, then the pitch is 
corrected to vertical and thrust is reduced to less than the weight. 
A semi-flat cruise phase then commences, Descent and landing 
phases are essentially symmetric with ascent phases. 

Meyer5 presents several trajectories based on operational 
requirements. Figure 5 illustrates three profiles which seem to 
incorporate some of the desired features. Configuration (a) is a 
flat-top trajectory with the various phases of flight marked. This 
profile is most useful when flying between two points at approxi- 
mately equal elevation and making navigational and scientific ob- 

deep throttling required by reducing the final approach altitude. 
This type of trajectory is most useful when the touchdown site is 
visible from an appreciable distance, e.g., return trip to LM, and 
when point B is at a lower elevation than A. Configuration (c) is 
useful when point B is above point A in elevation. During the final 
approach of any of these profiles, the pilot is pitched back and 
looking upward. In order to see the landing point he should per- 
form a 180' yaw (pilot roll) as he pitches up. Upon landing he 
will then be facing his approach direction, Specific performance 
figures for each of these trajectory shapes depend upon such fac- 
tors as relative positions of A and B, pilot performance capabili- 
ties, engine performance, and sortie objectives. 

ssrvations aloi2g the way. Coiiffg-urat;on (b j i.e(j-uces tiie aiiio-uiit of 

2.3 Line-of-Sight Requirements 

Special consideration must be given to the spatial 
relationship between the LM site and LFU position at any instant 
of time, Communications capabilities of an astronaut on this LFU 
design are limited to line-of-sight transmissions, so that rescue 
operations can start if and when needed. Therefore, any point in 
a trajectory which obstructs the line between the LM and LFU must 
be avoided unless a relay unit can be positioned to provide con- 
tinuous communications. If an astronaut is out of line-of-sight 
with the LM while at an exploration site, he must have a reference 
by which to steer the LFU during take-off and until the LM is 
sighted. 
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2.4 Lunar Surface Interaction Hazards 

It has been established that much of the lunar surface 
is covered with at least a thin layer of fine grained material. 
Impingement of LFU rocket exhaust onto the surface may cause 
several effects detrimental to exploration operations. Particles 
will obscure vision and possibly strike the vehicle and any equip- 
ment in the vicinity. References 6 and 7 present studies of the 
hazards and mechanics of this impingement problem. 
of erosion may occur. 
forces resulting from radial gas flow along the surface. 
sive cratering is caused by normal forces on surface particles 
resulting from gas static pressure, Diffused gas eruption occurs 
after thrust termination and is caused by an increased subsurface 
pressure resulting from gas pressure during thrusting. Thus, un- 
balanced pressure forces displace the soil upward and a rupture 
of the surface occurs. Particles could be blown into LFU rocket 
nozzles and result in later re-start failures of these engines. 
One possible prevention measure to insure reliability is to ter- 
minate thrust at a slow shutdown rate such that pressure in the 

they settle. 

Three types 
Viscous erosion is caused by shearing 

Explo- 

wouJd be 1 -n-- ?.--..-L laLbc clluug;ll to blow soil pai'ticles out befoi-e 

A thrust impingement model will be of importance f o r  
planning purposes. The rocket exhaust is hypersonic in the lunar 
atmosphere. Therefore, it is undisturbed by the surface below 
until it reaches a shock wave, parallel to and just above the 
dust layer. Once this shock is passed, the gas flows in radial 
directions along the surface, A crater is initially formed in the 
shape of an annulus with an undisturbed center section due to flow 
stagnation at that location. Finally, this crater takes the form 
shown in Figure 6. Downstream of the shock wave, flow 5s sub- 
sonic, but becomes supersonic as the radial distance increases, The 
shearing force of radial gas flow produces particle motion, Ero-  
sion takes place, and with it, the surface profile and gas flow 
field change. The result is an expanding crater beneath the LFU 
rockets. 

3.0 MISSION ASPECTS - EXPLORATION OF HYGINUS 
In an effort to demonstrate some of the operational 

problems of using an LFU, the following example mission is con- 
sidered. Two astronauts arrive in an Extended LM (ELM) at a 
plateau above Hyginus Crater and Rille. Touchdown point is at 
8 O 3 ' ~ ,  6O12'~. This vehicle will carry two LFU's of the assumed 
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b 
c o n f i g u r a t i o n ,  O b j e c t i v e s  of t h i s  m i s s i o n  a r e  t o  v i s i t  and 
e x p l o r e  areas of  s c i e n t i f i c  i n t e re s t  i n  t h e  r e g i o n  around 
t h i s  r i l l e  and c r a t e r  system. F i g u r e  7 i l l u s t r a t e s  t h e  ELM 
s i t e  and l o c a t i o n s  t o  be  exp lo red .  The t h r e e  pr imary  LFU 
l a n d i n g  p o i n t s  a r e  shown as A (7 '451N,  6 ' 1 4 f E ) ,  B ( 7 O 5 7 ' N ,  6 '21E) 
and C (7 '511N,  5 ' 5 6 ' E ) .  A t  time o f  touchdown, t h e  sun  a n g l e  i s  
assumed t o  b e  6'. 
o f  t h e  r e g i o n .  However, the f i r s t  s o r t i e  cannot  be performed 
u n t i l  app rox ima te ly  1 2  hour s  a f t e r  a r r i v a l  because  of house- 
keep ing  f u n c t i o n s ,  a s l e e p  p e r i o d ,  and equipment un load ing  
o p e r a t i o n s .  A t  t h i s  p o i n t  t h e  sun  a n g l e  i s  about  12' above 
t h e  morning t e r m i n a t o r ,  
a l l o w  only  a l i m i t e d  number of LFU r e f u e l i n g s ,  i t  i s  des i r ab le  
t o  per form l o n g  d i s t a n c e  s o r t i e s  f i r s t .  While these a re  b e i n g  
e x e c u t e d ,  f i l l e d  r e s e r v e  t a n k s  w i l l  be  i n  p l a c e  on t h e  r e s c u e  
v e h i c l e ,  t h u s  e n a b l i n g  t h i s  LFU t o  f l y  t o  a d i s t a n t  d i s a b l e d  
LFU wi thou t  payload., d rop  empty r e s e r v e  t a n k s  and l o a d  t h e  o t h e r  
a s t r o n a u t  on,  and r e t u r n  t o  the  ELM, 

T h i s  i s  t o  b e  a th ree  ear th-day  e x p l o r a t i o n  

S ince  ELM r e s i d u a l  p r o p e l l a n t s  w i l l  

S i t e  C is 1 0  km away from t h e  ELM and a t  about  t h e  same 
e l e v a t i o n .  T h e r e f o r e ,  a d i r e c t  flight caii b e  made w i t h o u t  inteii- 
mediate s t o p s .  It i s  e a s i l y  seen t h a t  t he  phase  a n g l e  r e l a t i v e  
t o  s i t e  C i s  always s i g n i f i c a n t l y  d i f f e r e n t  from 0 and 1-80' f o r  
t h e  assumed l i g h t i n g  c o n d i t i o n s  and f l i g h t  d i r e c t i o n  shown i n  
F i g u r e  7 .  T h e r e f o r e ,  washout and g l a r e  w i l l  n o t  be encoun te red  
a l o n g  t h e  f l i g h t  p a t h s .  The l e v e l  of c o n t r a s t  a t  p o i n t  C as seen  
by t h e  p i l o t  i s  n o t  s o  e a s i l y  de te rmined ,  and t h e  r e q u i r e d  c a l c u -  
l a t i o n s  are  l e n g t h y .  However, t h i s  can  be avoided  by  making t h e  
f o l l o w i n g  o b s e r v a t i o n s .  S ince  C( i s  w e l l  above z e r o  here ,  F i g u r e  
2 i m p l i e s  t h a t  f o r  a lmost  any p o s i t i v e  v a l u e  of T, c o n t r a s t  i s  
a c c e p t a b l e .  The v a l u e  of T i s  p o s i t i v e  when t h e  viewing l i n e  i s  
between the  sun  l i n e  and p r o j e c t i o n  of  t h e  l o c a l  normal o n t o  t h e  
phase  p l a n e .  T h i s  happens when v iewing  a n g l e  i s  s i g n i f i c a n t l y  
g r e a t e r  t h a n  sun  a n g l e  f o r  a c u t e  az imuth  a n g l e s .  I n  o t h e r  words,  
i f  t h e  f i n a l  approach  t o  s i t e  C i s  s t e e p ,  t h e n  T w i l l  b e  p o s i t i v e  
and c o n t r a s t  i s  a c c e p t a b l e .  As t h e  LFU approaches  touchdown, 
r o c k e t  exhaus t  impinges on t h e  l u n a r  s u r f a c e ,  and i n t e r a c t i o n  
h a z a r d s  mentioned p r e v i o u s l y  a r e  m a n i f e s t e d .  V i s i b i l i t y  may b e  
somewhat obscured ,  p a r t i c l e s  may c o l l e c t  on t h e  v e h i c l e  and any 
equipment i n  t h e  v i c i n i t y  may r e c e i v e  a c o a t i n g  of s o i l  m a t e r i a l ,  
Equipment and i n s t r u m e n t  packages may have t o  be  p l a c e d  w e l l  away 
from t a k e - o f f ,  approach,  and touchdown areas,  On the  r e t u r n  
f l i g h t  from s i t e  C t o  ELM, t h e  p i l o t  shou ld  make r e c o n n a i s s a n c e  
o b s e r v a t i o n s  r e q u i r e d  f o r  a l a t e r  s o r t i e  t o  s i t e  B ,  S i n c e  t h i s  
l o c a t i o n  i s  about  200 meters below t h e  e l e v a t i o n  of t h e  ELM and 
on t h e  f l o o r  of  a r i l l e ,  l i n e - o f - s i g h t  r equ i r emen t s  cannot  b e  
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s a t i s f i e d  u n l e s s  a r e l ay  s t a t i o n  i s  p l aced  a t  p o i n t  B-LM. T h i s  
p o i n t  can  be observed  by t h e  p i l o t  upon r e t u r n i n g  from C i f  he 
l o o k s  t o  h i s  l e f t .  Before  p a s s i n g  p o i n t  B-LM, v a l u e s  o f  phase  
a n g l e  are i n  t h e  r ange  co r re spond ing  t o  no washout o r  g l a re  o f  
t h i s  p o i n t  w i t h  r e s p e c t  t o  t h e  LFU t r a j e c t o r y .  S i n c e  CL h a s  
l a r g e  v a l u e s ,  t h e  c o n t r a s t  l e v e l  should  be  a c c e p t a b l e ,  a t  l e a s t  
u n t i l  p o i n t  B-LM i s  p a s s e d .  A f t e r  t h a t  t h e  p i l o t  w i l l  no t  b e  
able  t o  s e e  t h i s  area,  because  i t  w i l l  be  beh ind  him and p o s s i -  
b l y  i n  a washout a r e a .  The t r i p  t o  s i t e  C and back,  i n c l u d i n g  
s i t e  e x p l o r a t i o n ,  consumes about  3 h o u r s .  An e q u a l  amount of  
t i m e  i s  assumed n e c e s s a r y  be fo re  t h e  second s o r t i e  can  s t a r t .  
The sun  a n g l e  a t  t h e  beg inn ing  of  t h i s  t r i p  i s  15'. L o g i c a l l y ,  
t h e  nex t  s i t e  to v i s i t  i s  A .  However, t h i s  p o i n t  i s  on t h e  
bot tom o f  a c r a t e r  and about  1 , 0 0 0  meters below t h e  ELM l a n d i n g  
s i t e .  Line-of -s ight  r equ i r emen t s  a g a i n  cannot  be  s a t i s f i e d  wi th-  
o u t  t h e  emplacement of a r e l a y  a t  p o i n t  A-LM. I f  t h e  maximum 
p r o p e l l a n t  l o a d i n g  of 300 l b s  and a payload  of 1 0 0  l b s  are  assumed, 
t h i s  v e h i c l e  cannot  make a s t o p  a t  A-LM on t h e  way t o  s i t e  A .  
T h e r e f o r e ,  a s e p a r a t e  t r i p  t o  A-LM i s  n e c e s s a r y  i n  o r d e r  t o  ex- 
p l o r e  s i t e  A .  F i n a l l y ,  t h e  o t h e r  a s t r o n a u t  leaves f o r  l o c a t i o n  
A a f t e r  t h e  f i r s t  one r e f u e l s  and g e t s  r eady  f o r  r e s c u e  opera-  
t i o n s ,  i f  r e q u i r e d .  The s u n  ang le  i s  t h e n  1 6 O  and t h e  azimuth 
a n g l e  i s  n e a r  90' f o r  t h i s  round t r i p .  It i s  a p p a r e n t  t h a t  T 

ha s  v a l u e s  around -45' f o r  bo th  l e g s  of  t h i s  s o r t i e .  S i n c e  ci 
i s  l a r g e r  t h a n  30°, t h e s e  va lues  of  T s t i l l  pe rmi t  an  a c c e p t a b l e  
c o n t r a s t  (see F i g u r e  2 ) .  F l i g h t  t r a j e c t o r i e s  shou ld  t a k e  advan- 
t a g e  o f  t h e  e l e v a t i o n  d i f f e r e n c e  between A and LM. A p r o f i l e  
s imi l a r  t o  F i g u r e  5 ( b )  might be a p p r o p r i a t e  f o r  t h e  outbound l e g .  
T h i s  would conse rve  f u e l  and provide  some o f  t h e  e x t r a  energy 
r e q u i r e d  t o  c l imb o u t  o f  t h e  c r a t e r .  F i g u r e  5 ( c )  might be  a 
good c h o i c e  o f  p r o f i l e  f o r  t h e  r e t u r n  l e g .  

5 

The n e x t  s o r t i e  i s  made a f t e r  a s l e e p  p e r i o d ,  when 
t h e  sun  a n g l e  i s  about  2 4 O .  Th is  w i l l  be t h e  l a s t  LFU t r i p  
and i s  t o  s i t e  B ( 5 . 8  km away from ELM). Phase a n g l e  a w i l l  
be l a r g e  enough f o r  good v i s i b i l i t y  and c o n t r a s t ,  excep t  p o s s i -  
b l y  i n  f i n a l  approach p h a s e s .  An i n t e r m e d i a t e  s t o p  a t  p o i n t  
B-LM i s  r e q u i r e d  t o  p l a c e  a r e l a y .  The t r a j e c t o r y  from ELM t o  
B-LM can  be t h e  f l a t  t o p  t y p e  and from B-LM t o  B a s imple  
descend ing  f l i g h t  i s  sugges t ed .  The r e t u r n  f l i g h t  might employ 
a s t e e p  a s c e n t  ( s h a l l o w  descen t  p r o f i l e ,  F i g u r e  5 ( b ) ) .  The 
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astronaut may experience glare when looking up from B to B-LM, 
but this is not important if the initial phase of the return 
flight is steep enough to avoid the rille wall, 

A minimum of shadowing will be encountered with this 
sortie sequence. Figure 7 indicates a large geometric shadow 
near site B. However, this location will be visited when the 
sun is considerably higher than the 1 8 O  angle of this photograph. 

4.0 SIMULATION REQUIREMENTS 

A comprehensive simulation program is suggested for 
the LFU before its first operational use. The primary purposes 
of this are to train astronauts and determine their limitations 
under varying situations, define subtle problems otherwise unfore- 
seen, and provide inputs to LFU designers to insure a compatible 
vehicle for proposed applications. 

Several types of simulations are required. Identifica- 
tion of landmarks at LFU speeds is a talent acquired through 
training and practice, and actual LM landing experience, If the 
Moon has no magnetic field, navigation of this simple vehicle 
must be performed by pilotage, i.e., identification of landmarks. 
Since lunar formations will appear different for varying lighting 
and contrast conditions, identification training should incorporate 
a simulation of this phenomenon. Realistic missions can be per- 
formed on Earth by using jet powered flying units, These will 
permit real-time simulations and training sequences. Exploration 
situations can be generated and operational procedures developed. 

5 . 0  SUMMARY 

Some significant problems related to Lunar Flying Unit 
operation have been exposed and discussed. Lighting and visibility 
requirements with respect to LFU pilots are very important, because 
navigation and reconnaissance must be done with inputs to human eyes 
only. Once a mission site and sorties are selected, a computer 
program can yield visibility and contrast conditions along any given 
LFU path. Complete washout, glare, and low contrast zones can be 
plotted with the resulting figures. Shapes of LFU paths are also 
important because they will complement the pilot's abilities and 
mission objectives if properly selected. One computer program can 
handle several aspects of a mission: visibility and lighting, fuel 
requirements for given trajectory profiles, and line-of-sight vio- 
lations, Surface interaction hazards should be investigated further 
and optimum methods of minimizing these effects developed, Sim- 
ulation programs should be used extensively for pilot training and 
LFU development. 

20 15-MHK-acm M. H. Kaplan 
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References 
Figures 1 - 7 
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